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Abstract—We adopt artificial Λ-type three level system with
superconducting devices for microwave signal detection, where
the signal intensity can reach the level of discrete photons instead
of continuous waveform. Based on the state transition principles,
we propose a statistical model for microwave signal detection.
Moreover, we investigate the achievable transmission rate and
signal detection based on the statistical model. It is predicted that
the proposed detection can achieve significantly higher sensitivity
compared with the currently deployed 4G communication system.
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I. INTRODUCTION
With the development of wireless communication systems,
reducing the energy consumption of narrowband communica-
tion has attracted extensive attention from both academia and
industrial areas. The key issue is signal detection at extremely
weak power. Based on the principle of wave-particle duality,
under extremely weak electromagnetic power, microwave may
degenerate from continuous waveforms to discrete photons.
Such fact inspires us to adopt microwave photon level detec-
tion.
In the microwave frequency band, Josephson junction [1]–
[4] or nitrogen-vacancy center [5], [6] are adopted for mi-
crowave photon dection. Compared with nitrogen-vacancy
center, Josephson junction using super-conducting devices has
higher sensitivity for the signals with carrier up to Gega Hertz.
Moreover, super-conducting devices can significantly reduce
the resistance compared with the currently deployed semi-
conducting devices, and thus increases the detection sensitiv-
ity. The microwave photon detector based on artificial lambda
three-level system has several advantages. It adopts coherent
quantum dynamics to minimize energy loss during detection
and allows the resonance driver to be quickly reset. In addition,
the detection scheme does not require time-shaping for input
photons. Finally, it can achieve high detection efficiency in
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the case of non-cascading [7]. Therefore, we need to explore
the achievable transmission rate and signal detection for mi-
crowave signal up to photon level based on the three-level
system with super-conducting devices.
In this paper, we first introduce the three stages of a single
microwave photon detector based on an artificial Λ-type three-
level system, and propose a statistical model on the behavior of
the three-level system under microwave photons. Based on the
statistical model, we investigate the achievable transmission
rate and signal detection, and show that the Λ three-level
system can be expected to achieve significant gain over the
currently deployed wireless 4G system.
II. MICROWAVE PHOTON DETECTOR BASED ON
ARTIFICIAL Λ-TYPE THREE-LEVEL SYSTEM
The three-level system under consideration is shown in
Figure 1, where the superconducting qubit is dispersively
coupled to the transmission line resonator. The resonator is
further coupled to a semi-infinite waveguide (WG1) through
which the signal photon pulse to be detected is input. WG1
is also adopted to read qubits and reset the system. Another
waveguide (WG2) can apply a driving pulse to the qubit to
design the modified state of the qubit-resonator system [8].
Assuming on-off keying (OOK) modulation at the transmitter,
the detection aims to determine which symbol is transmitted.
Fig. 1. Schematic diagram of the three-level system under consideration [8].
As shown in Fig. 2, the photon detection consists of three
stages: the capture stage, the readout stage, and the reset stage.
During the capture stage, the superconducting qubit-resonator
coupling device enters the Λ mode under the driving pulse,
where the resonator can transition from the ground state to
the excited state. The excited state will naturally decay to
the ground state, which is the main factor that determines
the efficiency of the detector. In the readout stage, the energy
level of the three-level system is read out through a parametric
phase-locked oscillator (PPLO). The nonradiative decay of the
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2excited state may cause false detection. In the reset phase, a
reset pulse is injected from waveguide WG1 to quickly return
the three-level system to the ground level. The three stages
of the three-level system are cyclic, as shown in Figure 2. In
Figure 2, we employ |g〉, |e〉, and |u〉 to represent the three
states of the three-level system, where |g〉 denotes the ground
state, |e〉 denotes the our target state; and in |e〉 state, the qubit
is excited.
Fig. 2. Schematic diagram of the three stages.
A. Capture of Signal Photons [8]
Driven by the driving pulse, the three-level system enters
the Λ mode from the I mode. When there is a microwave
photon input, depending on the photon frequency, the system
can transition via |1˜〉 → |3˜〉 → |2˜〉 or |1˜〉 → |4˜〉 → |2˜〉 to
achieve |1˜〉 to |2˜〉. If there is no microwave photon input, the
system energy level still stays at |1˜〉.
Fig. 3. Two modes of three-level system.
In the effective three-level system, photon detection is
achieved via detecting the energy levels of the superconducting
qubit. Energy level |e〉 means that the input signal contains mi-
crowave photons and the energy level |g〉 means that the input
signal does not contain photons. Measuring after the driving
signal disappears can reduce the influence of the modified
state, improve detection efficiency and reduce the probability
of dark count. For single microwave photon detection, recent
work [8] assumes a Gaussian pulse for the input photon. When
the pulse width of the microwave photon is l, the pulse shape
is
fs(t) =
(
8 ln 2
pil2
)1/4
2−t
2/(l/2)2e−iωst. (1)
Note that fs(t) has been normalized to satisfy
∫ |fs(t)|2dt =
1. In other words, it is the probability density function of
photon arrival time. The driving signal is given by
fd(t) =
Ωd√
γ′
e−iωdt×
{
1 (|t| 6 βl/2)
2−(|t|−βl/2)
2/(w/2)2 (|t| > βl/2) ,
(2)
where β is a normalization number making the driving signal
cover the microwave photon input time. For Gaussian signals,
we set β = 2. Parameter γ′ is the radiation attenuation rate
from qubit to waveguide WG2. The amplitude of the driven
signal is set to Ωd = Ωimdd to optimally capture the incident
microwave photons. At the optimum driving pluse amplitude,
the radiation attenuation rates from |1˜〉 → |u˜〉 and |u˜〉 →
|2˜〉 are equal (u = 3 or 4). In other words, the three-level
system has a high microwave photon absorption rate because
of reducing sample reflection and elastic scattering [9].
Fig. 4. Schematic diagram of microwave signal and qubit drive pulse [8].
An important factor that affects the detection success rate
during the capture phase is the lifetime of the qubits. Due to
the energy difference, energy level |2˜〉 will be excited at a
certain decay rate γ to |1˜〉. Therefore, if the input microwave
photon pulse width is too long, the detection efficiency is
reduced due to long-term natural decay. In the case where
the pulse width of the microwave photon is too short, the
detection efficiency will be reduced because the three-level
system response cannot catch up with the pulse to make a
transition. Therefore, the energy level transition that can occur
in the three-level system during the entire capture phase is
shown in Figure 5. We assume κ′ = 2pi × 20MHz. Under
different decay rates γ, the detection efficiency of different
pulse lengths is shown in Figure 6.
Fig. 5. Schematic diagram of the existing energy level transition paths.
3Fig. 6. The relationship between the detection probability and the signal pulse
length l [8].
B. Readout Stage [10]
In the readout phase, we can use a parametric phase-locked
oscillator (PPLO) to distinguish the two energy level states of
superconducting qubits |e〉 and |g〉. The measurement device
and pulse sequence are shown in the Figure 7.
Fig. 7. Schematic diagram of the measuring device and pulse sequence [10].
The error in the reading phase is mainly caused by the
natural decay of |2〉 → |1〉 during the measurement process.
Assuming that the time used for phase lock is tw, the readout
error can be expressed as 1− e−γtw . The phase lock error of
the phase lock device itself is negligible compared with other
errors [10]. In other words, the dark count in the reading phase
can be ignored.
C. Reset of the System [8]
The reset phase aims to reset the three-level system to back
to the initial level. Although the system can be reset by relying
on the natural decay of the qubits, the reset requires a long
time because of the low decay rate. In order to shorten the
dead time of the detector, a microwave transition method can
be used for quickly reset.
A driving signal is injected from waveguide WG2, and a
microwave photon pulse with an average photon number n at
a specific frequency is injected into the waveguide WG1 to
enable the three-level transition |2˜〉 → |u˜〉 → |1˜〉. The input
microwave photon pulse can be expressed in the following
form:
fr(t) =
√
〈n〉 ×
(
8 ln 2
pil2
)1/4
2−t
2/(l/2)2e−iωrt. (3)
When the reset photon pulse width is 100ns, we have n = 20
and β = 2. The false excitation rate Pg of the reset operation
is lower than 0.005, and the residual probability Pe is lower
than 0.007.
III. SIGNAL CHARACTERIZATION UNDER
MICROWAVE PHOTON POSSION ARRIVAL
A. Statistical Model of Single-photon Absorption
We characterize the photon absorption of the three-level
system mentioned above based on the exponential law of
energy level transitions. Under the optimal working condition,
the reflection coefficient |r| of the three-level system to mi-
crowave photons tends to zero. In other words, the incident
microwave photons can cause energy level transitions in a
three-level system. According to Section II-A, we assume
that the equivalent transition rate of the three-level transition
process is κ′/4, the natural decay rate of the qubit is γ,
and the probability distribution of microwave photon arrival
time is |fs(t)|2. When − (βl + w) /2 < t < (βl + w) /2, the
driving signal becomes active and the incident photons can be
absorbed, and the system observes at time to > (βl + w)/2.
The probability of the excited state at the observation time is
given by,
P (|2˜〉|t = to) =∫ ti
−ti
dt |fs(t)|2
∫ ti
t
ds
κ′
4
e−
κ′
4 (s−t)e−γ(to−s).
(4)
Based on Eq.(4), we can get
P (|2˜〉|t = to) =∫ ti
−ti
dt
κ′
κ′ − 4γ |fs(t)|
2
e−γ∆t
(
1− e−
(
κ′
4 −γ
)
∆d
)
,
(5)
where ti = (βl + w) /2, ∆t = to − t and ∆d = ti − t.
If no microwave photons are incident, the false excitation
rate P0 = P (|2〉||1˜〉, t = to
)
. Since the modified states |1˜〉 and
|2˜〉 are orthogonal, we have
P (|1〉||2˜〉, t = to
)
= P (|2〉||1˜〉, t = to
)
. (6)
The detection probability P1 of single photon incidence is
P1 = (1− P0)P
(|2˜〉|t = to)+P0 (1− P (|2˜〉|t = to)) . (7)
The detection efficiency in Section II-A is simulated based
on the Eq. (7). The numerical results are shown in Figure 8.
We only used the exponential statistical law of energy level
transitions. It is seen that the results obtained in Figure 8 are
very similar to those in Figure 6 considering the Hamiltonian
of the system.
4Fig. 8. The relationship between detection efficiency and pulse width l under
different γ values based on statistical model
B. Detection Efficiency Under Microwave Photon Poisson
Arrival
Note that the microwave signal exhibits particle properties
under extremely weak transmission power, which can be well
characterized by Poisson arrival. Therefore, assuming that the
microwave photons conform to Poisson process, we investigate
the detection efficiency of the three-level system.
When the arrival time of the two photons is two close,
the three-level system will saturate [8]. If the three-level
transition time 1/κ  Tc/n¯, the photon saturation issue
can be negligible. In this case, we assume that each photon
independently initiates a three-level system transition. Here Tc
is the duration of the capture phase of the three-level system,
and n¯ is the mean number of photons for Poisson arrival within
time Tc.
In the case of a Poisson source input with a arrival rate
of λ, we assume that microwave photon incidence begins at
ti = 0, microwave photon incidence ends at tf = Tc, and the
observation is performed at to = Tc + ∆o. We have
P
(|2˜〉|λ, t = to) = e−γ∆oP (|2˜〉|λ, t = Tc) , (8)
P (|2˜〉|λ,t = Tc) =
∞∑
N=0
(λTc)
N
N !
e−λTcP
(|2˜〉|λ,N, t = Tc) , (9)
where N is the number of photons arriving in time Tc. It is
known from that for Poisson arrival that given the number
of arriving photons, the time of arrival of each photon con-
forms to a uniform distribution, independent from the Poisson
distribution arrival rate λ. Thus, we have
P
(|2˜〉|λ,N, t = Tc) = P (|2˜〉|N, t = Tc) , (10)
P (|2˜〉|N, t = Tc) =∫
dsN
N !
TNC
P
(|2˜〉|N, t = Tc, sN = (ta1 , . . . , taN )) ,
(11)
where tai is the arrival time of the i
th photon and 0 ≤ ta1 ≤
ta2 ≤ ... ≤ taN ≤ Tc. When a photon arrives, the three-level
transition can only be excited when the system energy level is
|1˜〉. When the three-level system is well initialized, we assume
that the photon label causing the three-level transition is given
by Kp = {k1, ..., kp}, where p ≥ 1 and 1 = k1 ≤ ... ≤ kp ≤
N . The excited state probability under this condition is given
by,
P
(|2˜〉|N, t = Tc, sN = TN)
=
∑
K∈K
P
(
K|N,Tc, sN = TN
)
P
(|2˜〉|N,Tc,K, sN = TN) ,
(12)
where K is the set of all {k1, ..., kp} and TN = (ta1 , . . . , taN ).
We assume that the three-level transition meets the principle
of incompatibility. In other words, the photon causing the
new transition must arrive after the previous photon transition
is completed. The probability fb(t) of the three-level system
starting from time 0 and returning to the ground state before
time t is
fb(t) =
∫ t
0
ds
κ
4
e−
κ
4 s
(
1− e−γ(t−s)
)
= 1− e−κ4 t − κ
κ− 4γ
(
e−γt − e−κ4 t) , (13)
P ((k1, . . . , kp) |N,Tc, (ta1 , . . . , taN )) =(
1− fb
(
taN − takp
)) p∏
i=2
(fb (∆
g
i )− fb (∆ei )) ,
(14)
where ∆gi = t
a
ki
− taki−1 and ∆ei = taki−1 − taki−1 .
Given {ka1 , ..., kaN} and {k1, ..., kp}, the magnitude of the
excitation probability depends only on the previous transition
time. Let f|2˜〉 (t, t0) represent the probability that the three-
level system starts a three-level transition at t = 0 and no
photons cause a transition in 0 < t < t0. Then, the state is |2˜〉
at time t > t0. f|1˜〉 (t, t0) represents the probability that the
state of the three-level system is |2˜〉 under the same conditions.
Then, we can get the following equations,
f|2˜〉 (t, t0) =
∫ t
0
ds
κ
4
e−
κ
4 s
(
e−γ(t−s)
)
=
κ
κ− 4γ
(
e−γt − e−κ4 t) , (15)
f|1˜〉 (t, t0) = e
−κ4 t +
∫ t
t0
ds
κ
4
e−
κ
4 s
(
1− e−γ(t−s)
)
= e−
κ
4 t0 +
κ
κ− 4γ
(
e−
κ
4 t0−γ(t−t0) − e−κ4 t
)
,
(16)
P
(
|2˜〉|N,Tc, kp,
(
takp , . . . , t
a
N
))
=
f|2˜〉
(
Tc − takp , taN − takp
)
f|1˜〉
(
Tc − takp , taN − takp
)
+ f|1˜〉
(
Tc − takp , taN − takp
) .
(17)
Combining the Eq. (8) to Eq. (17), we can calculate
P (|2˜〉|λ, t = to). The detection success rate pcλ in the ac-
quisition phase is given by,
P cλ = (1− P0)P
(|2˜〉|λ, t = to)+P0 (1− P (|2˜〉|λ, t = to)) .
(18)
In the readout phase, the probability of PPLO detecting the
incident photon is given by
P outλ = pwP
c
λ, (19)
5where pw = e−γtw is the successful phase lock in the
readout phase. In the reset phase, the probability of reset error
probability is
P reλ = Pg
(
1− P outλ
)
+ PeP
out
λ . (20)
C. Numerical Results of Detection Efficiency
Under κ = 2pi × 1GHz, γ = 2pi × 0.1MHz, Tc = 230ns,
∆o = 35ns and tw = 48ns, the probability of detecting
photons with different arrival rates is shown in Figure 9.
The probability of the qubit excited state at the end of the
readout stage is shown in Figure 9. Under the correct reset, the
response of the detector has a larger dynamic range. Therefore,
it has better communication performance than the incorrect
reset case.
Fig. 9. Excited state probability at the end of the readout stage.
IV. SIGNAL DETECCTION BASED ON HIDDEN
MARKOV MODEL
A. Hidden Markov Model of Three-level System
Note that the initial state of the three-level system depends
on the reset condition at the previous detection. In other
words, the detection efficiency of the three-level system is
determined by the previous reset and the current signal input.
We can only observe the output of PPLO instead of the
input microwave signal and the energy level of the three-level
system. Therefore, the three-level system can be modeled as
a hidden Markov chain in continuous detection.
We assume that the photon arrival conforms to the Poisson
distribution and OOK modulation. Symbol 0 means that no
signal microwave photons are sent, and symbol 1 means that
the photons arrival rate is λ1. We assume that the background
noise also conforms to the Poisson distribution with arrival
rate λn. Assuming that a symbol maintains N three-level
detection cycles, the hidden state of the HMM with three-
level continuous detection can be expressed as (|i〉, Sj), where
|i〉(i = 1 or 2) is the initial energy level at the beginning of
the symbol and Sj(j = 0 or 1) represents the OOK symbol.
The observation quantity is denoted as o ∈ {0, 1}N in this
HMM, where 0 represents no photon has been detected, and
1 represents that the photons have been detected. The state
transition diagram of HMM is shown in Figure 10.
We assume that two symbols are sent with equal probability
and the three-level system is initialized well when starting
continuous detection. We can characterize the HMM under
the model.
Fig. 10. HMM state transition diagram.
B. Viterbi Decoding for the Three-level System
Based on the HMM, we adopt Viterbi algorithm for decod-
ing [11]. We assume that the transmitted symbol sequence is
{Sn} and the decoding results are {|ˆı(n)〉, Sˆ(n)}. The symbol
error rate can be given by
lim
M→∞
1
M
M∑
n=1
Pr(S(n) 6= Sˆ(n)). (21)
Consider the reset in Section II-C. We set the reset photon
pulse width lr = 5ns, wr = 5ns, and the reset phase time is
Tr = 20ns. Under such parameter settings, the reset efficiency
is similar to that in Section II-C.
Under the parameters N = 64, κ = 2pi × 1GHz,
γ = 2pi × 0.1MHz, Tc = 230ns, ∆o = 35ns and
tw = 48ns, the simulation result of symbol error rate
at the equivalent noise temperature of 35K is shown in
Figure 11. When the power is −131.5dBm, the bit error
rate reaches 10−3. According to the OOK bit error rate
formula, the SNR margin is 9.8dB, and thus the sensitivity is
−131.5dBm − 9.8dB = 141.3dBm for SNR 0dB. We nor-
malize the sensitivity to (2.2Mbps, 300K), where the equiva-
lent sensitivity is −141.3dBm− 10log10(46.9k/2.2M)dB −
10log10(35/300)dB ≈ −115.5dBm. Considering the LTE
signal sensitivity of −100dBm with data rate 2.2Mbps [12],
it is seen that the sensitivity gain of our proposed structure
can be expected to reach 15dB.
Fig. 11. The BER under different received power.
C. Achievable Transmission Rate
Assume that the symbol sequence in continuous detection
is ST = s(1)s(2)...s(T ) and the output sequence is OT =
6o(1)o(2)...o(T ). The achievable transmission rate is given by
I = lim
T→∞
I
(
ST ;OT
)
T
. (22)
We use Monte-Carlo method to simulate the achievable trans-
mission rate [11], where the detailed procedure is omitted in
the conference version due to the lack of space. Figure 12
shows the simulation result of the achievable transmission rate
when other parameters are same as those in Section IV-B for
equivalent noise temperature 45K.
Fig. 12. The achievable transmission rate with respect to the received power.
According to Figure 12, when the signal power is
−140dBm, the achievable transmission rate can reach 0.95.
In this case, the symbol rate is 1/[N(Tc + ∆o + tw +
Tr)] ≈ 46.9kbps under equivalent temperature 45K. We
normalize this result to (2.2Mbps, 300K), where the equiv-
alent sensitivity is −140dBm − 10log10(46.9k/2.2M)dB −
10log10(45/300)dB ≈ −115dBm. Considering the LTE sig-
nal sensitivity of −100dBm with data rate 2.2Mbps [12], it
is seen that the sensitivity gain of our proposed structure can
reach 15dB.
V. CONCLUSION
We have adopted artificial Λ-type three level system with su-
perconducting devices for microwave signal detection. Based
on the state transition principles, we have proposed a statistical
model for microwave signal detection. We have also inves-
tigated the achievable transmission rate and signal detection
based on the statistical model. It is predicted that the proposed
detection can achieve significant sensitivity gain compared
with the currently deployed 4G communication system.
In future work, we will study the communication signal
processing of three-level systems, including symbol synchro-
nization and the saturation problem under high received power.
In addition, receiver device fabrication and real experiments
is another major endeavor.
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